We have magnetically imaged interlayer Josephson vortices emerging from an ac face of single crystals of the single layer cuprate high-T c superconductor (Hg,Cu)Ba 2 CuO 4+δ . These images provide a direct measurement of the c-axis penetration depth, λ c ∼ 10 µm. This length is a factor of 10 longer than predicted by the interlayer tunneling model for the mechanism of superconductivity in layered compounds, indicating that the condensation energy available through this mechanism is 100 times smaller than is required for superconductivity.
In the interlayer tunneling (ILT) model for superconductivity in layered superconductors such as the cuprates [1] [2] [3] [4] , transport of carriers between the planes is incoherent in the normal state, but coherent interlayer transport is allowed for Cooper pairs. The coherent pair tunneling lowers the c-axis kinetic energy, supplying the superconducting condensation energy, E c . Anderson [4, 5] , Leggett [6, 7] , and Chakravarty [8] have each argued that the comparison of the experimentally measured c-axis penetration depth, λ c , and the value determined within the ILT model from the condensation energy, λ ILT , is an important test of the ILT mechanism. In all presently published versions of the theory, λ c ≈ λ ILT .
The calculation of λ ILT and its comparison with experiment are most straightforward in materials with a single copper oxide layer per unit cell, such as La 2−x Sr x CuO 4+δ (λ ILT ≃ 3µm [5] ), HgBa 2 CuO 4+δ (λ ILT ≃ 1µm [5] ), and Tl 2 Ba 2 CuO 6+δ (λ ILT ≃ 1µm [5] ). Different experiments on these materials have not provided a single answer to the question [5, 7] . In La 2−x Sr x CuO 4+δ (La-214), measurements of the Josephson plasma frequency ω p = cλ (where c is the speed of light and ǫ is the dielectric constant of the interlayer medium) [9, 11] are in good agreement with the predictions of the ILT model [5] . In Tl 2 Ba 2 CuO 6+δ indicate λ c = 17 microns [11, 12] . In HgBa 2 CuO 4+δ (Hg-1201), Panagopoulos et al. obtained a value of λ c (T = 0) = 1.36 ± 0.16µm from magnetic susceptibility data on oriented powders [13] . As both Anderson [5] and Leggett [7] have pointed out, a confirmation of the c-axis penetration depth in Hg-1201 seems essential to resolving this issue.
In this Letter we directly measure the c-axis penetration depth in Hg-1201 by magnetically imaging interlayer Josephson vortices emerging from the ac face of single crystals.
These measurements give λ c ≃ 10µm, much longer than the value λ c ≃ 1µm reported by Panagopoulos et al. [13] . Our value for λ c , when combined with previous results from Tl-2201, make it appear unlikely that presently published versions of the ILT model are the correct description for superconductivity in the cuprate high-T c superconductors.
The Hg-1201 crystal growth has been described previously [14] . Our method consists in preparing a Ba/Cu/O precursor in flowing oxygen, and then mixing it with HgO to make a 0.8:2:1.2 ratio of Hg:Ba:Cu. An alumina crucible containing this powder is then sealed in a silica tube. After 48 hours of thermal treatment, black, platelet-like crystals are extracted. The largest crystals (typical dimensions ∼1×1×0.08mm) are selected for transport and SQUID imaging measurements. EDX and electron diffraction measurements lead to the formula Hg 0.8 Cu 0.2 for the mixed mercury layer. The copper position is displaced with respect to the Hg site in the mixed layer as shown from structural refinements. No intergrowth nor extended defects have been shown by high resolution microscopy [15] . The Hg-1201 single crystals were mounted in epoxy so that the ac face was aligned vertically, and then the sample and epoxy were polished to make a flat, smooth surface to scan.
The magnetic imaging measurements were made with a scanning SQUID microscope [16] , in which a sample is scanned relative to a superconducting pickup loop oriented nearly Although one must consider that the vortices may be pinned in areas with unusually weakly coupled planes, the uniformity of the vortex shapes over a large area of the crystal face makes us believe that we are measuring an intrinsic penetration depth. This belief is supported by the good agreement between bulk plasma resonance measurements of ω j and local interlayer
Josephson vortex imaging measurements of λ c in Tl-2201 [12] . Three vortices chosen for further analysis are shown in figure 2. Cross-sections through the image data parallel to the layers are displayed in Figure 3 .
The decay of the observed vortex magnetic flux perpendicular to the layers (along the c-axis) is determined by the size of the pickup loop. In contrast, the extent of the images of the vortices along the layers provides a direct measure of λ c .
For quantitative modelling of the shape of the vortex we use the results of Clem and
Coffey [17] . Neglecting the influence of the surface on the fields, the z-component of the magnetic field of an interlayer vortex is given by [17] :
where λ ab is the in-plane penetration depth, K 0 is a modified Bessel function of the second kind of order 0, Φ 0 = hc/2e is the superconducting flux quantum, h is Planck's constant, e is the charge on the electron,R = ((s/2λ ab )
spacing, x is the distance perpendicular to the planes, and y is the distance parallel to the planes. Since for our experiments s << λ ab << (L, z 0 ) << λ c , we neglect both s and λ ab .
With this assumption, the fields from Eq. 1 are propagated to a height z = z 0 [18] and then summed over the geometry of the pickup loop. This model has two free parameters: λ c , which determines the length of the vortex, and z 0 , which determines the magnetic amplitude of the vortex image. Fits to the three cross-sections ( Figure 3) yield consistent values for the interlayer penetration depth λ c = 10 ± 1µm.
This measured value is about ten times longer than the theoretical value, λ ILT = 1 ± 0.5µm [5] . Since the ILT condensation energy is proportional to 1/λ 2 c , the ILT supplied condensation energy is about 100 times smaller than the estimated actual energy in Hg-A more conventional estimate of λ c comes from the Lawrence-Doniach model [19] . For diffusive pair transfer (parallel momentum not conserved) between superconducting layers [19] [20] [21] , the Josephson current between two identical superconducting sheets at T=0 is given by [21] 
where ∆(0) is the zero temperature energy gap and R c,n is the normal state c-axis interplane resistance. The interlayer penetration depth is given by λ ⊥ = (cΦ 0 /8π
The application of this model requires at least two assumptions: that R n is temperature independent below T c , or at least that the temperature dependence can be understood well enough for extrapolation [8] , and that the gap is s-wave [22] [23] [24] . d-wave superconductivity would tend to increase λ c from this value: in a purely tetragonal d-wave superconductor, with purely diffusive pair transfer, the coupling would be reduced to zero [22] [23] [24] . With these considerations in mind, one would not expect the Ambegaoker-Baratoff model to apply quantitatively, but it is nevertheless natural to look for a correlation between λ c and R c,n . This neglect is justified within our experimental resolution on the basis of a consideration of the free energy associated with vortex spreading in highly anisotropic superconductors [29] , as well as by the quantitative experimental agreement between λ c and ω p in Tl-2201 [12] .
For the powder magnetization results, the analysis depends on a very accurate characterization of the distribution of particle sizes; it is possible that this analysis could be skewed by the presence of a slightly higher number of large particles than used in the modelling [30] .
A more likely explanation is that the different samples do in fact have different λ c values.
First, the doping in the two samples is not identical. It has been shown that the transport anisotropy of several materials can depend strongly on doping [31] , but it has also been shown that the anisotropy in Hg-1201 is nearly constant near optimal doping [32] . Another possibility is the influence of the excess copper on the mercury layer. Neutron studies on ceramics [33, 34] 
